ABSTRACT Generators are critical components for the wind power generation system and process industries. Generating units or production lines may be shut down by generator failure. Most of the methods used in previous research have analyzed the rotor winding interturn fault in the slot location or the stator winding interturn fault in the phase location, but the doubly fed induction generator (DFIG) stator fault in the slot location still needs to be studied further because of the special topological structure and the real factors of the generator model. To solve this problem, this paper determines the pulsating magnetomotive force (MMF) expressions mapped to the shorted position in two forms. Based on 2D discretization and piecewise interpolation, by taking the short-circuit number and the position of short-circuit slot as model parameters, the modified fault model is developed. The simulations show that as an interturn short-circuit fault occurs, the stator's three-phase current is no longer symmetric, where the fault-phase current is bigger than that in healthy operation. In addition, the results show that the interturn short-circuit faults induce negative sequence current that increases with the gravity of fault in the DFIG stator and that the phase difference of the fault-phase and its lagging phase is more than 120 • . Moreover, commonality and heterogeneity existing in the current amplitude and negative sequence features for detecting stator interturn faults at different slots of the DFIG are proposed and analyzed. The results obtained in this paper are important complements to the stator interturn short-circuit analysis and help the practical monitoring and diagnosis of this fault.
I. INTRODUCTION
With the rapid development of wind power technology, China's wind power industry has dramatically increased. Doubly-fed wind turbines are used more and more widely, with growing capacity. Because the doubly-fed induction generator (DFIG) working environment is poor, its smooth operation is affected. The occurrence of generator faults is a major factor affecting smooth operation, including mechanical failure and electrical failure. Induction-machine stator winding insulation degradation is one of the major causes (about 40%) of machine failure [1] , [2] . The stator winding interturn short circuit is a typical electrical fault, and the stator faults begin with the degradation of the insulation between turns, and consequently, an interturn short circuit occurs [3] . Then, the phase-ground or phase-to-phase short
The associate editor coordinating the review of this manuscript and approving it for publication was Yanzheng Zhu. circuit occurs, as verified by the stator winding short-circuit fault of a permanent magnet synchronous machine [4] .
Existing studies on models, simulations, and experiments of DFIG's stator winding interturn faults are well documented [5] - [9] . There are two main methods for the modeling of the interturn short circuit of the stator windings of the DFIG. One method uses the multi-loop theory to build the mathematical model in ABC three-phase static coordinate system [10] and deduce the mathematical model in the dq0 synchronous rotating coordinate system [11] . Another method is based on the finite element theory, where a 2D electromagnetic field model is established in the finite element software ANSYS Maxwell. Models presented in studies for a winding interturn short-circuit fault are achieved by changing the number of shorted turns and value of short-circuit resistance according to the ratio of the normal turns to short turns [12] , [13] , [14] .
Recently, electrical parameters such as current and voltage have attracted the most attention in research, where current is the most widely used. Features extracted from the current signal are used for fault detection and are obtained using several signal processing methods such as time-domain analysis, frequency-domain analysis, and time-frequency-domain analysis [15] . Reference [16] analyzed the negative sequence current of the rotor three-phase current and took it as the characteristic of the fault. The negative sequence impedance method was used to distinguish the negative sequence current of the stator three-phase current caused by voltage imbalance or the fault alone in reference [17] . Reference [18] , [19] observed both currents of the stator and rotor sides under normal and different interturn short-circuit faults, and the negative sequence current, Park's vector trajectory, and phase angle are discussed in all conditions. Motor Current Signal Analysis (MCSA) was chosen as the fault diagnosis method in reference [20] . The presented studies scientifically and effectively reflect the advantages of using the current signal in the interturn short-circuit fault detection, but they did not consider the effect of the position of the short-circuit slot on interturn short-circuit fault detection.
Recent studies have examined the effects of stator and rotor interturn short-circuit positions on diagnostic characteristics. Recently, an integrated formula for the cage-rotor induction machine interturn short-circuit fault detection considering the saturation effect has been presented [21] . Reference [22] further studied stator winding interturn short-circuit detection in induction motors by parameter identification. The air-gap flux density differences of the rotor interturn short-circuit faults in different positions of the generator have been performed by Li and Han [23] . The presented research results are more important complements to the analysis of the influence of the stator short-circuit position on the turbo-generator than on the DFIG.
In this paper, we consider both the different numbers of the fault turns and different fault positions. Based on the fault slots' location with respect to the quadrature-axis, the fieldcircuit coupling method is properly used for modeling the healthy or fault conditions of the generator. Improved DFIG models at different conditions of the stator winding interturn short-circuit fault are built in Maxwell 2D. The different settings of the excitation source on the stator winding, the phase winding connection, the values of end leakage inductance and resistance constitute different working conditions. The source and the harm of negative sequence current are explored for the necessity, and the MATLAB platform is used instead of the approximate calculation method to improve the accuracy of the calculated negative sequence current. The simulation results of different levels of stator winding interturn faults obtained by the FEM method with the ANSYS Maxwell are compared. Lastly, the complete comparisons of the time domain of the stator current and negative sequence current of the interturn faults in different slots show the influence of the short-circuit position and the effectiveness of the proposed technique.
The rest of this paper is organized as follows: section II briefly introduces the analysis of the negative sequence current of DFIG suitable for detecting stator interturn faults, and section III describes the modeling of DFIG based on the FEM basic theory. In addition, section IV introduces the simulation process of the stator winding interturn short circuit (SWITSC) fault in DFIG, amplitude analysis of the stator current, negative sequence current, and phase difference analysis of the stator current. Lastly, section V presents the conclusions.
II. ANALYSIS OF NEGATIVE SEQUENCE CURRENT OF DFIG SUITABLE FOR DETECTING STATOR INTERTURN FAULTS
Power flow in a typical DFIG operating at sub-synchronous speed is shown in Figure 1 . In the super-synchronous state, the power flow via the rotor loop is reversed so the electrical power can also be transmitted to the grid through the rotor.
In Figure 1 , P is pole number; f is the output frequency of the stator side, f 2 is the rotor current frequency; n is the rotor's own speed, n s is the synchronous speed, P m is the mechanical power, P r is the electromagnetic power of stator side, P e is the electromagnetic power transmitted to the grid, P er is the electromagnetic power transmitted by the power grid to the rotor through the converter, and T m is the electromagnetic torque.
A. NEGATIVE SEQUENCE CURRENT MAPPED TO THE SHORTED POSITION OF THE SWITSC FAULT
After the stator winding interturn short-circuit fault occurs, the generator operates in the asymmetrical state and the negative sequence current component will generate in the stator windings. The short-circuit current can be regarded as a superposition of the normal current and the current in the same direction as the original current. By assuming i g is the current flowing through a single-turn coil of stator windings of the DFIG, the magnetomotive force (MMF) of the singleturn coil can be regarded as the synthesis of two conductors' MMF. The currents of the two conductors are equal in magnitude and opposite in direction. The Fourier expansion formula of the MMF of the single-turn coil concluded by strict derivation is written as
where k yf = sin υα y /2 is the coil pitch factor and α y is the space electrical angle between two conductors; υ = 1/P, 2/P, 3/P, . . . is for the short pitch coil, but υ = 1/P, 2/P, 3/P, . . . & υ = 2, 4, 6, . . . is for the full-pitch winding.
When the stator winding interturn short-circuit fault occurs in a generator, it is assumed that a current in the same direction as the original current is superimposed on the short-circuit turn, and the magnetic field created in the air gap by the current is superimposed with the magnetic field of the generator under normal condition; in other words, the synthetic air-gap magnetic field of the generator with the stator winding interturn short-circuit fault [24] .
We assume i f = √ 2 I cos (ωt) is superimposed on the short-circuit turn. According to equation (1), the MMF can be expressed as follows:
where ω = 2πf is the angular frequency of the power supply. Equation (2) shows that the MMF of the current i f superimposed on the short-circuit turn is a pulsating MMF, which can be decomposed into two circular rotating magnetomotive forces with the same amplitude and rotational speed but turning in the opposite direction. The reverse-rotating circular magnetomotive force induces a negative sequence current. The stator negative sequence current can be selected as one of the characteristic quantities of the stator winding interturn short-circuit fault of the generator, which can effectively diagnose stator faults of the generator based on the theory.
The unit area air-gap permeance is the constant not affected by the stator winding interturn short-circuit fault of the generator according to the stator winding interturn short-circuit fault form, as shown in Figure 2 (a). The radial air-gap length of the generator is g and the air-gap circum-ferential angle is α m . After ignoring the higher harmonics, the pulsating magnetic potential is
where α m is the mechanical angle of the center position of the stator short circuit, as shown in Figure 2 (b). The first item in the formula
is the magnetic potential that rotates in the same direction as the rotor and induces the positive sequence current in the three-phase winding of the stator. The second item is the magnetic field that rotates in the opposite direction with the rotor and induces negative sequence current in the three-phase winding of the stator. While the short-circuit fault occurs in the different short-circuit slots, the air-gap circum-ferential angle α m is the same, but the mechanical angle of the center of the short-circuited stator is different, and α m of fault in the slot 19# is greater than that in slot 4#. Thus, the components of induced positive and negative sequence currents in different fault conditions exist. Based on this difference, it can be further supplemented as a basis for stator winding interturn fault diagnosis.
B. CALCULATION METHOD OF NEGATIVE SEQUENCE CURRENT
Accurately measuring and calculating the negative sequence current are needed to detecting the abnormal operating state of the generator, ensuring the safe and reliable operation of the system, and correctly setting the relay protection device.
We assume that asymmetrical currents are
I C , and these can be decomposed into positive sequence current, negative sequence current, and zero-sequence current according to the symmetrical components method shown in equation (4) . The phasor sum of the three currents is a closed triangle, as shown in Figure 4 . The initial phase angles θ 1 & θ 2 to the currents of B-phase and C-phase are shown in Figure 4 .
According to cosine theorem, these angles can be obtained as follows:
Negative sequence current I 2 in the absence of zerosequence current can be worked out according to equations (4) and (5), but the complex operation is involved in Equation (4), resulting in a tedious calculation process.
To improve the calculation accuracy of the negative sequence current, MATLAB is used to directly program equations (4) and (5) . After the execution, as long as the three-phase current I A , I B , I C are inputted according to the prompt, the negative sequence and positive sequence currents can be calculated individually, and the phasor diagrams of positive sequence, negative sequence, and three-phase current can be drawn at the same time.
III. MATHEMATICAL MODELING OF THE MODIFIED SWITSC FAULT A. TWO-DIMENSIONAL DISCRETIZATION AND PIECEWISE INTERPOLATION
The finite element method calculates the numerical solution of a system based on the boundary condition and one specific initial condition.
The generator is equivalent to an inductance element, and the magnetic field as a medium makes the generator realize the conversion of electromechanical energy [25] . After Maxwell's creative equation of the electromagnetic field was developed, a new theoretical basis for the study and analysis of the electromagnetic field in the generator was provided.
The entire circumferential surface of the axial cross section of the generator is the considered calculation region. Because the current source exists in the calculation region, the magnetic vector potential is used to calculate the solution. With the axial components of the magnetic vector potential A Z being expressed, the expression of the boundary value problem of DFIG in the magnetic field is
In equation (6), J Z is the z component of the source current density, and µ is the permeability of the material.
The above equation is equivalent to the following expression of the variational problem
where 0 is the given value of A Z on the boundary of 1 and 2 . The two-dimensional finite element method starts with equation (7), and the solution region is separated and dispersed. The interpolation function of the magnetic vector potential is constructed in the discrete element and then the conditional variation problem in equation (7) is discretized into the extreme value problem of the multivariate function by the difference method.
B. GEOMETRICAL POSITIONS AND WINDING MODELING
This research simulates a 0.55 kW wound rotor three-phase double-fed induction generator, and the specific parameters and the required type of this DFIG are listed in Table I . In this paper, each phase of the stator winding has only one branch, so the SWITSC fault belongs to the interturn short circuit in the same branch. Phase C is taken as an example, and Figure 5 and Figure 6 show the different geometrical models of the SWITSC fault, which one model is at slot 4# and another model is at slot 19#. The fault is located in one slot of phase C, and the branch is divided into two parts: short-circuit winding and non-short-circuit winding. The slot corresponding to the fault slot is made the same geometrical change. Based on the field-circuit coupling method, the geometry, the distribution parameters, the saturation of the ferromagnetic material, and the eddy current effect of the motor are well considered, allowing insight into the electromagnetic, thermal, and stress states of the various points inside the motor [26] . To achieve these effects, the external circuit of the SWITSC fault is set and is shown in Figure 7 .
IV. SIMULATION AND RESULTS DISCUSSION

A. THE SWITSC FAULT SIMULATION OF DFIG
The synchronous speed of the machine was 1500 r·min −1 . Different working conditions of the DFIG were all simulated in ANSYS Maxwell at the constant super-synchronous speed of 1660 r·min −1 . The grid frequency was set to 50 Hz, and −5.3 Hz was the frequency of the rotor side current according to the principle of VSCF of the DFIG [27] - [29] .
The geometrical models and the external circuit of the SWITSC fault are shown in Figures 5, 6 , and 7. The entire time for the simulation of the generator was 0.6 s, and the generator was operating on the grid-connected normal state before t = 0.3 s. At t = 0.3 s, the SWITSC fault was obtained by controlling the switch to close the short-circuit switch and form a new loop. Five fault levels and two different shorted slots are emulated, and the number of interturn short-circuit faults were 5, 10, 15, 20 and 25 turns. Because the total number of turns was 340, the respective percentages of interturn short-circuit fault were 1.5%, 2.9%, 4.4%, 5.9%, and 7.3%. Figure 8 gives the stator current of DFIG on the healthy grid-connected operation from 275 ms to 375 ms. The figure shows that the current simulation waveform of the three phases was symmetrical, the magnitude of the standard sinusoidal waveform was 3.1 A, and the phase difference of the currents was about 120 • , further proving the correctness of establishing the two-dimensional electromagnetic field model of the doubly-fed generator in ANSYS Maxwell. Then, the failure state was examined. Figure 9 and Figure 10 show the stator current of DFIG on the SWITSC fault operation with two different short-circuit slot positions from 280 ms to 380 ms. Figures 9 and 10 show that the overall trend of failure is the same. Before the failure, the waveform from 280 ms to 300 ms is uniform with the same amplitude of the three-phase current that stabilizes at 3.2 A, and the phase differences of current were about 120 • . The currents changed at t = 0.3 s when the fault occurred. The minor fault with 5 turns short had a slight effect. As the degree of failure increases, the instantaneous value of the A-phase current during the 20 turns short-circuit condition increases to 4 A and stabilizes around 3.8 A, and the amplitudes of the B-phase current and the C-phase current change significantly. The abrupt change of the 25-turns short-circuit condition was larger than changes under the other conditions. Next, the current differences between Figures 9 and 10 because of the fault location were analyzed.
B. AMPLITUDE ANALYSIS OF STATOR CURRENT
Because the C-phase was set to the fault phase, the change law of the phase was analyzed. Figure 11 shows the changes of the C-phase current for faults occurring at different levels of faults at slot 4 # and slot 19#. The figure shows that the short-circuit phase current increases with an increased number of short-circuit turns. The same change rule exists whether the fault occurs in slot 4#, which is close to the quadrature-axis, or slot 19#, which is far from the quadrature-axis.
The difference and effect of the current amplitude characteristics caused by the faults occurring in different slots were analyzed. The differences between Figure 9 and Figure 10 are showed in Figure 12 and were based on the data refinement results. Figure 12 shows that the currents of the non-shortcircuit phases (A-phase & B-phase) affected by the interturn short-circuit fault located in the slot 4# were higher in the display range. When interturn short-circuit fault occurs, the distance relative to the quadrature-axis leads to different relative air-gap magnetic densities, thus resulting in different phase currents when short-circuit occurs in different slots. The negative sequence current produced by the short-circuit fault in the slot that is close to the quadrature-axis is less than that produced by the same fault in the slot that is far away from the quadrature-axis. This effect is embodied in the higher current of the non-short-circuit phase and the lower VOLUME 7, 2019 current of the short-circuit phase. As the models were set, slot 4# was close to the quadrature-axis while slot 19# was far from the quadrature-axis. In addition, phase C was the fault phase. The current difference and absolute value of the current difference were obtained according to I 4# − I 19# and |I 4# − I 19# |, which are shown in Figure 13(a) and (b) , respectively. Overall, the current difference of non-fault phases under the influence of different fault positions does not change with the deepening of the fault level, although for the short-circuit fault of 5 and 10 turns, the data of A-phase are not in linear, but the outcome is not affected. The absolute value of the current difference of the fault phase has increased following the deepening of the failure, and it can be used as a diagnostic basis for stator winding turn shorts occurring in different slots of the stator.
To supplement the multi-speed working condition in this paper, the sub-synchronous state with a rotor speed at 1400r·min −1 was analyzed. When the fault was located at slot 4# and the turn number of interturn short-circuit fault are 15 turns, the stator currents of the generator under the rotor speed at 1400r·min −1 and 1660r·min −1 were compared, as shown in Figure 14 , and the statistical amplitudes of the three-phase currents are filled in Table II . Figure 12 and Table II show that the amplitude of each phase current under the super-synchronous state is larger than that under the sub-synchronous state, proving the generation efficiency of the super-synchronous state is higher than that of the sub-synchronous state, and that the current increases with increased rotating speed, which yielding the power relation and operation principle of DFIG.
Confirming the correctness of the model under the subsynchronous state, the simulation models set with different short-circuit slots are compared in this paper. In this model, The rotor speed is 1400r·min −1 and the short-circuit turns is 15 turns. Figure 15 shows the comparison diagram of the stator three-phase current waveform of the fault at two different slots, and it is compared with the local amplification current diagram of 15 short-circuit turns when the generator is at 1660r·min −1 . Besides, the amplitudes of the three-phase currents at 1400r·min −1 are presented in Table III . Figure 15 shows that when the generator is in the subsynchronous state with a rotation speed of 1400r·min −1 , the amplitudes of phase A and phase B currents when the short-circuit fault occurs in slot 4# were higher than that when the short circuit occurs in slot 19#. The amplitude of C-phase current when the short-circuit fault occurred in slot 19# was higher than that when the short-circuit position was in slot 4#. This conclusion is the same as when in the super-synchronous state with a rotation speed of 1660r·min −1 . Therefore, the above comparison shows that the method of judging different short-circuit slots proposed in this paper is applicable to different rotating speed conditions.
C. NEGATIVE SEQUENCE CURRENT AND PHASE DIFFERENCE ANALYSIS OF STATOR CURRENT
In this section, the negative sequence current I 2 and the positive sequence current I 1 under the five interturn short-circuit fault conditions in two different fault slots were calculated based on the MATLAB, and the complete comparison and values for the different fault levels are presented in Table IV . The ratios of I 2 and I 1 were also obtained and are shown in Figure 16(a) shows that when interturn short-circuit fault occurs, the value increases with the number of shorted turns. The enlarged part in the figure shows that when the fault occurs in the slot 19# of the stator, the negative sequence current content is more than that effected by the fault occurring in the slot 4#. This is similar to the current amplitude comparison of the fault phase (C-phase) in the Figure 12 of part B. Figure 16(c) is similar to the shape and trend of the curve in Figure 16(a) , means the ratio of the negative sequence current to the positive sequence current increases with the degree of failure.
Similarly, Figure 16 (b) shows that the positive sequence current increases as the fault level deepens, but the amplification section shows that positive sequence current content affected by the fault occurred in slot 19#, which is far from the quadrature-axis, was lower and similar to the comparison of the current amplitude of the non-failure phases (A-phase and B-phase) in the Figure 12 of part B.
After analyzing the negative sequence component, the phase differences for the commonality and heterogeneity of the phase differences were analyzed when the interturn short-circuit faults were in different slots in the supersynchronous state. The phase differences for stator winding faults under different conditions of this DFIG are presented in Table V . Table V shows that when C-phase occurs, the interturn short circuit and the phase angles of current are no longer 120 • . The phase difference between A-phase and B-phase was greater than 120 • , while the value decreases as the number of short-circuit turns increases. The phase difference of the fault-phase C and its lagging phase is more than 120 • , but this phase difference was different from the previous non-failure phases and increased even to 134 • .
All the angles of these two kinds of phases affected by the fault in the slot 4# were smaller. The opposite result of the phase difference occurs between the C-phase and its leading phase in which the value decreases to 104 • . The stator short-circuit faults in the stator damage the symmetry of the phase difference, and the degree of damage is related to the degree of failure.
The Park's vector trajectory is a circle centered at the origin under normal conditions where the stator short-circuit faults make it be an ellipse. Figure 17 the differences of the Park's vector trajectories between the faults in slot 4# and slot 19#, the two trajectories are presented in one diagram (c), and Table VI shows the effective fault signatures including the lengths of semi-major axes, the lengths of the semi-minor axes, and the eccentricities of the ellipses. Eccentricity shows the distortion of the fault degree, and it was larger for the failure in slot 19#.
V. CONCLUSIONS
The finite element model of DFIG was built for simulations of different conditions. The amplitude, negative sequence current, and phase difference analysis of the stator current were explored when DFIG was in different SWITSC fault states. With the occurrence of the stator winding interturn short-circuit fault, the stator current was no longer stable. The results show that the negative sequence current under the influence of different short-circuit slots corresponds to the fault phase's current magnitude comparison and the positive sequence current corresponds to the non-fault phase's magnitude comparison. The fault slot that is either close to the quadrature-axis or far from the quadrature-axis has different effects on the phase difference. The proposed research methods and analytical methods in this paper provide the theoretical proof and the basis to the research on the positioning of DFIG with the stator winding interturn short circuit fault. However, only minority numbers of fault slots in the SWITSC fault are discussed and simulated, which cannot include all cases of interturn short circuit fault. Different numbers of shorted turns in different slot positions should be analyzed in the future.
